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S48Objectives: We report our 23-year experience with leaflet and annular remodeling techniques in infants and
children with congenital mitral valve insufficiency from lesions with restricted leaflet motion (type III).
Methods: A review of the medical records, including follow-up echocardiographic studies of 49 children, aged
20 days to 14 years, was performed. These children were divided into age groups of 0 to<1 year (n ¼ 4; mean
age, 3.2  1.2 months), 1 to 5 years (n ¼ 17; mean age, 2.8  1.6 years), and older than 5 to 15 years (n ¼ 28;
mean age, 12.3  2.5 years). All had severe mitral insufficiency from type III Carpentier’s functional classifi-
cation of mitral valve lesion. Restricted leaflet motion was secondary to commissural fusion in 17 children,
thickened leaflets in 9, short chordae in 6, matted chordae in 2, papillary muscle hypoplasia in 3, a parachute
valve in 11, and a hammock valve in 1. Various repair strategies were applied.
Results: The perioperative course was unremarkable. The mean follow-up duration was 11.5  1.8 years. A
2-year-old patient with a parachute valve underwent mitral valve replacement 2 years after the initial repair.
She died 8 years later of noncardiac causes. The freedom from reoperation rate was 100% at 30 days and 1
year and 97.9% at 5, 10, 15, and 20 years. The actuarial survival rate was 100% at 30 days, 1 year, and 5 years
and 95.96% at 10, 15, and 20 years.
Conclusions:Mitral valve reconstruction of congenital mitral insufficiency from restricted leaflet motion in
infants and children using various modified repair techniques tailored to the presenting valve morphology can
be successfully performed in children with excellent long-term results. (J Thorac Cardiovasc Surg
2012;143:S48-53)Mitral valve (MV) reconstruction in infants and children
has been, and will, always, remain a challenge owing to
the great variability of the MV lesions and the uncertain ef-
fect that growth will have on the MVand subvalvar appara-
tus. Because congenital MV insufficiency (MI) from
restricted leaflet motion is clinically important, although
a rare entity, various repair techniques and results have
been reported.1-6 However, the limited durability of repair
has been a major setback. With meticulous intraoperative
assessment of valve morphology and appropriate selection
of the surgical strategy, we believe the repair can be long-
lasting. In our institution, MV repair is the preferred tech-
nique for any type of mitral disease in childhood. The repair
allows for valve growth along the anterior leaflet annulus,7,8ent of Cardiothoracic and Vascular Surgery, Deutsches Herzzentrum Berlin,
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The Journal of Thoracic and Cardiovascular Surgprovides no anticoagulation, and offers no thrombotic risk.
This is best achieved by a spectrum of repair techniques
tailored to the presenting lesion. We do not use any
prosthetic material, and we stabilized our repair with
untreated autologous pericardial strips. We report our
23-year experience with leaflet and annular remodeling
techniques in infants and children with congenital MI
from lesions with restricted leaflet motion.
PATIENTS AND METHODS
The institutional review board approved our study and waived the need
for patient consent.
Patients
From January 1987 to December 2010, 49 children, aged 20 days to 14
years, underwent MV repair for severe MI from restricted leaflet motion
(type III Carpentier’s functional classification). Of these patients, 16 under-
went surgery from 1987 to 1997, 21 from 1998 to 2008, and 8 patients from
2008 to 2010. These children were divided into age groups as follows: 0 to
younger than 1 year (n ¼ 4; mean age, 3.2  1.2 months); 1 to 5 years
(n ¼ 17; mean age, 2.8  1.6 years);>5 to 15 years (n ¼ 28; mean age,
12.3 2.5 years). The restricted leaflet motion with normal papillary mus-
cles (type IIIA) was secondary to commissural fusion in 17 children, thick-
ened leaflets in 9, short chordae in 6, and matted chordae in 2. In those with
restricted leaflet motion owing to abnormal papillary muscles (type IIIB), 3
had papillary muscle hypoplasia, 11 had parachute valve, and 1 had ham-
mock valve. All patients were in New York Heart Association class III. No
one had pulmonary hypertension. Their demographic profile is listed in
Table 1. Echocardiograms were taken perioperatively and serially during
follow-up.ery c April 2012
Abbreviations and Acronyms
MV ¼ mitral valve
MI ¼ mitral valve insufficiency
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All 49 children and adolescents underwent a complete two-dimensional
echocardiographic examination before surgery, at discharge from the hos-
pital, and at a series of follow-up visits. Mitral insufficiency was quantified
by measurement of both the regurgitation volume and the regurgitant jet.9
Using the color-Doppler flow studies, quantification of mitral regurgitation
is undertaken by measurement of the differences between the mitral stroke
and aortic stroke volume. The phenomenon of proximal isovelocity flow
area, which corresponds to anatomic leakage, is used to measure the regur-
gitant volume know as proximal flow convergence. A regurgitation vol-
ume of<30 mL indicates mild regurgitation, 30 to 59 mL moderate,
and>60 mL, severe regurgitation. Using the regurgitant fraction, the se-
verity of regurgitation was quantified as follows: none, 0%; mild, less
than 20%; moderate, 20% to 40%; moderate to severe, 40% to 60%;
and severe, exceeding 60%. Generally speaking, the proximal isovelocity
area and distal jet area, which are both measures of the leakage area of the
MV in Doppler studies, virtually define regurgitation. Preoperatively, 38
patients had moderate to severe MI (grade III) and 11 had severe (grade
IV) MI. All lesions with restricted leaflet motion, including parachute
and hammock valves, had accompanying annular dilation. Parachute
valves although primarily stenotic, had a poorly developed anterior leaflet
(n ¼ 6) and short chordae (n ¼ 5) in addition to the annular dilation
(n ¼ 11), making them incompetent. Figure 1 shows the preoperative
and postoperative echocardiogram of a patient with a parachute valve
and MV regurgitation. Likewise, the hammock valve, also primarily a ste-
notic lesion, had an associated shortened chordae tendinae and annular
dilation, resulting in valve incompetence.
Preoperative echocardiographic assessment of the inflow gradient
with continuous-wave Doppler measurements showed a mean of 1.8 
0.32 mm Hg.
Surgical Technique
MV repair was performed through a median sternotomy under cardio-
pulmonary bypass and moderate systemic hypothermia. Antegrade inter-
mittent cold crystalloid cardioplegia with topical hypothermia was used
for myocardial protection. Before aortic and bicaval cannulation, theTABLE 1. Demographic profile of 49 children with congenital mitral valv
Variable 0–<1 yr (n ¼ 4)
Age
Mean 3.2  1.2 mo
Median 3 mo
Range 20 d–8 mo
Restricted leaflet motion with normal papillary muscles
Fused commissures 2
Thickened leaflets 1
Short chordae 1
Matted chordae 1
Restricted leaflet motion with abnormal papillary muscles
Papillary muscle hypoplasia —
Parachute valve —
Hammock valve —
The Journal of Thoracic and Carpericardium was opened longitudinally and a strip of pericardium was pre-
pared free from adipose and extrapleural tissue and left untreated. Through
a left atriotomy along the interatrial groove, the annulus, leaflets, chordae
tendinae, and papillary muscles were exposed and meticulously inspected
to determine the precise nature of the lesion, with particular attention given
to the leaflet motion, position of the papillary muscles, and annulus. Leaflet
coaptation was assessed with a forceful injection of saline with a bulb sy-
ringe through the valve. Using a nerve hook, the coaptation of the anterior
and posterior leaflet with regard to the presence of sufficient tissues along
the coaptation plane was assessed.10 After confirming that leaflet coapta-
tion was restricted, giving rise to MV incompetence, the valve diameter
was assessed with a Ziemer-Hetzer valve sizer (Fehling Instruments
GmbH& Co KG, Karlstein, Germany). The nomogram published by Row-
latt and colleagues11 is helpful in determining the normal valve diameter
for a specific body surface area.
Various repair techniques were used according to the cause of the re-
stricted leaflet motion and presenting valve morphology. The suture used
for repair in children was 5-0 to 7-0 polypropylene, according to age. Pled-
gets and annular reinforcement strips from untreated autologous pericar-
dium were also used.
In newborns and infants with a severely dilated annulus, this was best
repaired with Kay-Wooler annuloplasty performed by shortening the seg-
ments of the posterior annulus next to both trigones, modified by using
pledgets of untreated autologous pericardium (Hetzer’s technique).10,12
This repair resulted in shortening of the posterior annulus (Figure 2, A).
For annular dilation in children and adolescents, this was repaired using
a modified Paneth-Hetzer technique10,11 by a running suture along the
posterior annulus from both trigones to the middle section, tied over
a Ziemer-Hetzer valve sizer to prevent narrowing of the valve orifice.
Both sutures were passed onto an untreated autologous pericardial strip at-
tached from the midsegment toward the trigones. Continuous suture was
anchored to the autologous pericardial pledget and previously placed trigo-
nal suture and tied firmly, taking care to avoid additional narrowing of the
orifice (Figure 2, B). The degree or extent of shortening was chosen to ef-
fect a good leaflet coaptation according to the calculated weight-related
valve size.
Shortening the posterior annulus produced wide and even coaptation, in
such a way that when the anterior mitral leaflet closes, the border between
the smooth and rough surface of the anterior leaflet forms the closure line,
without folding. Leaflet coaptation was tested by forceful injection of sa-
line with a bulb syringe through the valve, looking for any residual
regurgitation.
In children with fused commissures, commisurotomy was done on both
the anterolateral and posteromedial commissures. Division and splitting ofe insufficiency from restricted leaflet motion, according to age group
Age group
1–5 yr (n ¼ 17) >5–15 yr (n ¼ 28)
2.8  1.6 yr 12.3  2.5 yr
1.8 yr 10.3 yr
1–4 yr 8–14 yr
2 13
3 5
1 4
1 1
2 1
8 3
— 1
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FIGURE 1. A, Chamber view of preoperative mitral regurgitation in parachute valve taken in systole. B, Postoperative transesophageal echocardiogram of
same patient taken in systole.
Ischemic/Functional MR Delmo Walter et alpapillary muscles were done in patients with short and matted chordae. In
both aforementioned procedures, stabilization of the posterior annulus with
autologous pericardial strip (modified Paneth-Hetzer plication plasty)10,12
was performed.
The hammock valve was dysplastic with shortened chordae directly in-
serted in a muscular mass of the posterior left ventricular wall, resulting in
tethering of both leaflets, associated with annular dilation, making the valve
predominantly incompetent. In the absence of any papillary muscle, a suit-
ably thick part of the posterior left ventricular wall carrying the rudimen-
tary chordae was carved off the wall (Figure 2, C, parts a and b). Next,
one must ensure that both the remaining left ventricular wall and the
‘‘new papillary muscles’’ maintain sufficient muscle thickness to perform
their function (Figure 2, C, part c).12
The parachute valve has the usual twoMV leaflets and commissures, but
all the chordae tendinae cluster into one major papillary muscle. It presents
as a funnel-type structure with some distinct fibrous lines at the sites of the
commissural fusion. In 6 patients, the anterior leaflet was poorly devel-
oped, the chordae tendinae were shortened in 5, and all had annular dila-
tion. These findings made the valve predominantly incompetent.
The most appropriate site for leaflet-splitting incisions was defined on
both sides from the common papillary muscles toward the ‘‘assumed’’ trig-
ones (commisurotomy and fenestration, Figure 2, D, parts a and b). These
incisions were extended into the body of the papillary muscle that was then
split toward its base, ensuring sufficient thickness of both new ‘‘papillary
muscle heads’’ (Figure 2, D, parts c-e).12
The degree and extent of incision, commissurotomy, and fenestration
was determined by measurement with a Ziemer-Hetzer valve sizer evalu-
ated according to the minimal age-related acceptable MV diameter, to
avoid mitral stenosis. In both parachute and hammock valves, posterior an-
nuloplasty reinforced with an untreated autologous pericardial strip (mod-
ified Paneth-Hetzer plication plasty) was also performed (Figure 2, B).
In addition to MV repair, 8 patients underwent concomitant closure of
an atrial septal defect, 1 underwent patch closure of ventricular septal de-
fect, another underwent a Ross procedure, and 3 underwent concomitant
tricuspid annuloplasty.
Intraoperative surgical valve analysis was performed by saline injection
through the valves, and intraoperative transesophageal echocardiography
scans were routinely performed to assess the adequacy of repair, with par-
ticular attention to the leaflet mobility. After MV repair, the diastolic mitral
inflow, as assessed by continuous flow Doppler echocardiography, was
a mean of 2.81 0.58 mmHg. In all the repair strategies we used, the min-
imal final MVopening area should not be less than 10% below the norm
according to the body surface area in the children. We are cautious to avoid
the occurrence of the systolic anterior motion phenomenon, seen as ‘‘fold-
ing’’ of the anterior leaflet when the valve opening is made too narrow byS50 The Journal of Thoracic and Cardiovascular Surgoverreduction of the posterior annulus, seen when the valve is tested with
saline instillation into the ventricle.10 Postoperative transthoracic echocar-
diographywas performed annually, or if clinically indicated, on the basis of
symptoms. The degree of MI was estimated by standard echocardiographic
measurement techniques, as previously described in the ‘‘Patients and
Methods’’ section. Regardless of the underlying pathologic findings and
techniques used, no patient was discharged from the hospital with more
than mild MI.
Follow-up
The follow-up data were provided by both the Department of Congenital
Heart Disease/Pediatric Cardiology and the Department of Clinical Stud-
ies, Deutsches Herzzentrum Berlin and by written correspondence from
the referring physicians. No patients were lost to follow-up. The end of
the follow-up period was December 2010.
Statistical Analysis
All datawere analyzed using the Statistical Package for Social Sciences,
version 16.0 (SPSS, Chicago Ill) software program. The data are expressed
as the absolute and percentage frequency values and continuous data as the
mean  standard deviation, as appropriate. The repeated measurements of
echocardiographic variables in serial timelines, were analyzed using the
Friedman tests. Avalue of P .05 was considered significant. The freedom
from reoperation was analyzed according to the Kaplan-Meier estimates
with 95% confidence intervals.
RESULTS
Clinical, Functional, and Echocardiographic Results
Postoperatively and on serial follow-up, all patients had
a tremendous abatement of the MI, with a mean mitral in-
flow gradient of 2.81  0.58 mm Hg (the acceptable max-
imal gradient in children is set at 3.5 mm Hg), and all had
functionally improved from New York Heart Association
class III to class I. The early postoperative morbidity
was arrhythmia, which converted to a sinus rhythm with
temporary pacing within 48 hours, in 1 patient. No early
mortality occurred. Two reoperations were required within
1 year after the initial repair. One was a female child aged
2 years, 1 month at the initial MV repair for severe MI
(grade IV). The intraoperative findings included a markedly
dilated annulus, with thickened leaflets, but without anyery c April 2012
FIGURE 2. Mitral valve (MV) repair techniques. A, part a, Modified Kay-
Wooler annuloplasty with Hetzer’s modification. A, part b, Completed re-
pair. B, part a, Modified Paneth-Hetzer posterior annulus shortening plasty.
B, part b, Reinforcement with autologous pericardial strip. B, part c, Com-
pleted repair. C, Hammock valve. C, part a, Prerepair. C, part b, Splitting
off papillary muscle from posterior ventricular wall. C, part c, After repair.
D, Parachute valve. D, part a, Prerepair. D, part b, Commissurotomy and
fenestration. D, parts c and d, Commissurotomy and splitting of papillary
muscles. D, part e, Completed repair.
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Paneth-Hetzer annuloplasty was performed. After the re-
pair, the MV orifice was measured to be 16 mm, which
was normal (a patient with a body surface area of 0.48
m2 should have a 16-mm annular diameter, according to
the nomogram of Rowlatt and colleagues11), and she was
discharged free of any MI. However, she underwent repeat
MV repair 11 months later because of progressive impair-
ment of functional capacity and progression of MI 9
months before the repeat surgery. Intraoperatively, the mi-
tral annulus was markedly dilated and the anterior mitral
leaflet and commissural portion of the posterior annulus
were noted to be enlarged. The pericardial strip with the
plication sutures was perfectly attached to the posterior an-
nulus and covered by a layer of fibrous tissue without cal-
cification remaining in the central portion of the posterior
mitral annulus. The anterior mitral leaflet was noted to be
slightly thickened, pliable, and freely mobile. The MV or-
ifice was measured at 18 mm, and the mitral annular diam-
eter was 20 mm. At the latter surgery, in addition to the
modified Paneth-Hetzer annuloplasty, a Kay-Wooler com-
missural plication annuloplasty of the posteromedial com-
missure was performed. Another patient who was 3 years
old at the initial MV repair for congenital MI with an ex-
tremely dilated annulus and thickened leaflets, developed
a markedly high-pressure gradient of 30 mm Hg across
the MV, had associated aortic valve regurgitation, and
functionally deteriorated. She underwent mechanical valve
replacement 8 months after the initial valve repair. During
reoperation, the leaflets were severely retracted without
any coaptating potential; however, each pericardial strip
appeared completely endothelialized and was indistin-
guishable from the atrial endocardium. One patient (2
years old at the initial MV repair) with a parachute valve
underwent MV replacement 2 years after the initial repair.
She died 8 years later of noncardiac causes. In all other
subsequent reoperations during the course of follow-up,
the pericardial strip appeared intact and perfectly inte-
grated with the annular tissues.
Follow-up
The mean duration of follow-up was 11.2  7.2 years
(median, 11.28; range, 6 months to 23.7 years). The free-
dom from reoperation rate was 100% at 30 days and
95.7%  3.0%, 86.0%  5.3%, 79.6%  6.6%, and
71.1%  8.1% at 1, 5, 10, 15, and 20 years, respectively.
Stratified by age group at the initial repair, the freedom
from reoperation rate was 100% at 30 days in all age
group. For those younger than 1 year old, the freedom
from reoperation rate was 100% at 1 year and 57.1% 
8.7% at 5 and 20 years. The freedom from reoperation
rate was 90.9%  6.1% at 1 and 5 years, 78.8% 
9.6% at 10 years, and 63.2%  12.6% at 15 years in those
older than 1 to 5 years. The freedom from reoperation ratediovascular Surgery c Volume 143, Number 4S S51
Ischemic/Functional MR Delmo Walter et alwas 100% at 1 year and 90.9%  8.7% at 5, 10, 15, and
20 years in those aged 6 to 12 years. No reoperations were
performed in those children older than 13 years old at the
initial repair. The cumulative survival rate was 100% at 30
days, 1 year, and 5 years and 96.9%  3.6% at 10, 15, and
20 years.
DISCUSSION
It is extremely challenging to reconstruct MVs in infants
and children, primarily because the leaflets and subvalvar
apparatus are small, immature, and fragile. In congenital
MI from restricted leaflet motion, one might be tempted
to resect the tissues and reconstruct it with prosthetic rings,
or to simply replace the valve, to restore the mitral compe-
tence. Various techniques from various investigators and
institutions have evolved to correct the problem.2,13-24 In
this population, however, ring annuloplasty would disturb
the growth of the MV along its anterior annulus. Valve
replacement poses clinical and technical difficulties
because of a small-size annulus, left atrium, and left
ventricle, along with accelerated tissue calcification and de-
generation of the bioprosthesis, and lifetime anticoagula-
tion. In addition, no suitably size prosthesis is available
for this age group, and re-replacement of the prosthesis
with the growth of the child is inevitable. No exclusive
report has been published on restoring mitral competence
in congenital MV lesions secondary to restricted leaflet mo-
tion using suture repair techniques with posterior annulus
stabilization and untreated autologous pericardial strips.
In deciding to repair the MV with restricted leaflet mo-
tion, our primary aim was to achieve a complete and rapid
closure of the mitral orifice by a well-mobile anterior leaflet
with a sufficiently large coaptation area by bringing the pos-
terior leaflet closer to the anterior leaflet. Primary repair was
achievedwith sutures only. The pericardial strip did not lead
to additional annulus shortening, but stabilized the suture-
dependent repair and increased the height of the posterior
leaflet coaptation surface area. Moreover, we believe that
suture repair techniques for congenital MI allows undis-
turbed somatic and valve growth,7,8 delays the need for
future valve replacement, and avoids anticoagulation. The
stabilization of repair with an autologous pericardial strip
allows the MV to grow along the anterior annulus. No
calcification, shrinkage, infection, or thrombus formation
on the pericardial strip has developed. On reoperation, the
pericardium was seen to be completely endothelialized,
perfectly integrated into the annular tissue, and
completely indistinguishable from the atrial endocardium.
Modifications in repair techniques and the routine use of
intraoperative transesophageal echocardiography to assess
the adequacy of the repair has contributed significantly to
the success of MV repair as the surgical management for
MI from restricted leaflet motion in children. Our
freedom from repeat MV reconstruction and freedomS52 The Journal of Thoracic and Cardiovascular Surgfrom MV replacement at more than 20 years of follow-up
is highly satisfactory.
CONCLUSIONS
Surgical reconstruction for MI from MV lesions with re-
stricted leaflet motion in infants and children was per-
formed using various suture repair techniques and
strategies, with excellent functional results and a low reop-
eration rate at more than 20 years of follow-up. These tech-
niques, which restored the mitral competence with effective
functioning of the remodeled valve and the preservation of
the natural shape of the valve, at the same time allowing the
valve to grow as the patient grows older, are useful surgical
tools for MV reconstructive surgery in infants and children.
Shortening the posterior annulus produces a wide and even
coaptation, such that the posterior leaflet is brought closer to
the anterior leaflet. Thus, when the anterior mitral leaflet
closes, the border between the smooth and rough surface
of the anterior leaflet forms the closure line, without fold-
ing. Stabilization of the posterior annulus with a pericardial
strip prevents additional posterior annular dilation and
allows the anterior MV leaflet and its annulus to grow in re-
lation to the patient’s body size, as well as preserving the
flexible properties of the MVorifice.
We greatly appreciate the assistance of Christine Detschades,
Julia Stein, Astrid Benhennour Helge Haselbach, and Mariano
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